ABSTRACT-In October 2005, a mass mortality of yolk-sac larvae of yellowfin tuna Thunnus albacares due to an endoparasite infection occurred during the seed production in a semi-closed system tank in Bali, Indonesia. Prevalence of the infection reached 100% maximally. The affected embryo or yolk sac of hatched larvae was filled with numerous parasites by 24 h post spawning. The larvae died due to a burst of the yolk sac. Phylogenetic analysis with 18S rRNA sequence and morphological characteristics of the parasite indicated that the present parasite was identified as a protozoan endoparasite Ichthyodinium chabelardi infecting the yolk-sac larvae of Atlantic sardine Sardina pilchardus or as its closely related species. PCR with a primer set designed from the 18S rRNA sequence detected the genome of the parasite from infected fertilized eggs, yolk-sac larvae and rearing water but not from the gonads of broodstock or feed fish for broodstock. The infection was not observed when the spawned eggs were immediately transferred into sterilized seawater, but the eggs kept in the rearing water for more than 1 h were infected by the parasite. These results suggest that the parasite infects fertilized eggs horizontally through the rearing water.
The initial case of protozoan endoparasite infection of an embryo or yolk-sac larva was described by Cachon (1952, 1953) , and the causative parasite detected from the wild Atlantic sardine Sardina pilchardus in the Bay of Algiers was named Ichthyodinium chabelardi. A similar infection in the wild Atlantic sardine was also reported in the Iberian Sea in 1997 and 1999 (Stratoudakis et al., 2000) as well as in the Mediterranean (Marinaro, 1971) . In these infections, infected embryos showed opaque color due to the increase of parasites and finally hatched larvae died from a burst of the yolk sac. Recently, Gestal et al. (2006) observed various stages of the parasite detected from yolk-sac larvae of Atlantic sardine and consequently proposed to rename the parasite Perkinsoide chabelardi. Similar infections were observed in eggs of gilthead seabream Sparus aurata and other sparids in the Bay of Algier (Marinaro, 1971) and in the yolk-sac larvae of Atlantic cod Gadus morhua and turbot Scophthalmus maximus in the Baltic Sea (Pedersen et al., 1993; Pedersen, 1993) . However, the number of the parasite infected in a yolk sac of Atlantic cod and turbot was low, and the yolk sac did not show any opaque coloration. In Japan, a similar infection was also observed during the seed production of leopard coral grouper Plectropomus leopardus between 1990 and 2004 (Mori et al., 2007) and of bluefin tuna Thunnus thunnus in 2004 (Dr. K. Ishimaru, Kinki University, personal communication). The yolk sacs of infected fish showed opaque color and finally burst, causing death due to heavy infection.
The Overseas Fishery Cooperation Foundation (OFCF) has successfully produced a stable amount of larvae of yellowfin tuna Thunnus albacares at the Gondol Research Institute for Mariculture located in West Bali, Indonesia since August 2005. In October 2005, however, a protozoan endoparasite infection was first found in embryos and yolk-sac larvae, which was the main cause of unsuccessful seed productions of yellowfin tuna. In this report, we describe the morphology and genetic characterization of the parasite as well as the infection route of the parasite to the fertilized eggs, and finally suggest a counter measure for the infection during the seed production.
Materials and Methods

Broodstock rearing
Thirty yellowfin tuna, 50 to 60 kg in body weight, which were captured from the wild and acclimated for 2 to 3 years, were used as broodstock. The broodstock were reared in a 1,526-ton concrete round tank (18 m in diameter and 6 m in depth) with a semi-water-recirculation system. Water temperature was around 28∞C throughout the year. An adequate amount of mackerel scad Decapterus muroadsi and a kind of squid were given as feed for the broodstock once a day.
Morphological observation
When the parasitic infection was occurring, fertilized eggs in the egg collection net were sampled and transferred into a plastic dish with 10 mL sterilized seawater at 2 h post-spawning and incubated at 28∞C. The eggs were periodically transferred into the hole-glass to observe the morphology of the parasite in the eggs by light microscopy with 40 -200 magnifications. For an estimate of the number of parasites produced in a larva, parasites leaving a larva in 1 mL seawater were suspended by mixing, and a few drops of the suspension were transferred into a hemocytometer to count the number of parasites in the hemocytometer, 0.1 mL in volume. The parasites in the hemocytemeter were also morphologically observed under a light microscope. Photos of each stage were taken to measure the size of the parasite.
Detection of the parasite from fertilized eggs
Samplings of fertilized eggs for detection of the parasite were conducted on 14 and 16 March 2006 during the occurrence of infection (Fig. 1) . Twenty fertilized eggs in rearing water were transferred into a plastic dish with 10 mL sterilized seawater at 0 h, 1 h, 2 h, 4 h and 17 h post-spawning and the parasite infection was confirmed under a light microscope after the incubation of the eggs at 28∞C until 24 h post-spawning. Other eggs sampled at each time post-spawning were fixed with 90% ethanol and 10 eggs out of them were used for the detection of the parasite genome by PCR. For the 0 h sampling, fertilized eggs floating near the water surface were sampled by a round haul net just after spawning; fertilized eggs in the egg collection net were collected at 1 h, 2 h, 4 h and 17 h post-spawning. For PCR, the parasite genome was extracted using the Puregene R DNA Purification Kit (Gentra Systems, USA)
according to the manufacturer's protocol, and the extracted DNA pellets were dissolved in 100 mL of DNase-RNase-free distilled water. The templates were amplified with TaKaRa Taq Polymerase Hot Start Version (TaKaRa) and a primer set, 1321f (CCGGAACTTT-AGAGTATCGG) and 1679r (TCGGTTCAGACTGAAC-CAAG), which was designed from the 18S rRNA sequence of the protozoan endoparasite detected from yolk-sac larvae of leopard coral grouper produced at Yaeyama Station, Seikai National Fisheries Research Institute, Fisheries Research Agnecy, in southern Japan (Mori et al., 2007) . The size of amplicon by this primer set was 359 bp. The PCR thermal program was as follows: initial denaturation at 95∞C for 5 min, 35 cycles of amplification (denaturation at 94∞C for 30 s, annealing at 58∞C for 30 s and elongation at 72∞C for 30 s) and final elongation at 72∞C for 7 min. PCR detection of the parasite from rearing water, gonads of broodstock and feed fish Filtration of 30 L of the surface and bottom water of the rearing tank with a 20 mm plankton net, the gonads of 2 sacrificed female and a male broodstock (50 to 60 kg in body weight) and the gonads of mackerel scad, feed fish for broodstock, were examined by PCR. PCR protocol was the same as mentioned above.
Sequence of 18S rRNA of the parasite DNA from the parasite was extracted from the ethanol-fixed infected eggs using proteinase K and phenol- chloroform (Sambrook et al., 1989) . The gene for 18S rRNA was amplified by PCR using the universal primers for eukaryotes, 5'-18S (CGACAACCTGGTTGATCCTG-CCAGT) and 3'-18Sr (TTGATCCTTCTGCAGGTTCAC-CTAC). Cycling conditions for the PCR were 94∞C (30 s), 55∞C (30 s), and 72∞C (1 min) for 30 cycles. The amplified fragment was purified, ligated with the plasmid vector pDrive (QIAGEN) and applied to nucleotide sequencing. The determined sequence and the 18S rRNA sequences of various eukaryotes were aligned manually. Evolutionary distances were calculated by the method of Kimura's two-parameter model. The phylogenetic analysis was executed by the Genetic software package (version 10.6, GENETYX, Tokyo). Fig. 1) . At 24 h post-spawning, the fertilized eggs and hatched larvae infected by the parasite showed an opaque color, which was confirmed with the naked eye, and numerous parasites were observed in the embryo under a light microscope. Infection rates of hosts including fertilized eggs and hatched larvae at 24 h post-spawning were maximally 100% and all of infected live larvae finally died due to a burst of the yolk sac.
Results
Egg spawning of yellowfin tuna and the occurrence of infection
Morphological observation
At 8 h post-spawning, 1-3 round shaped-parasites, 13 -15 mm in diameter, were initially observed in an affected egg under a light microscope ( Fig. 2-A ; two out of 3 parasites were visible in the photo). Each parasite grew up to more than 100 mm in the major axis, and then started to divide into two cells at 10 h post-spawning (Fig. 2-B) . Later the parasites multiplied by the division (Fig. 2-C) . Morphology of the parasite during the division was varied and irregular ( Fig. 2-D) . It took about 30 min to complete the division of a parasite (Fig.  3) . The yolk sac of the eggs and hatched larvae were filled with numerous parasites by 24 h post-spawning ( Fig. 2-E) . The larvae died due to a burst of the yolk sac at 23 -26 h post-spawning. The number of the parasites released from a yolk-sac larva was estimated to be about 4 ¥ 10 4 cells. The cells just released into the seawater were oval, 21 -36 ¥ 24 -45 mm in size ( Fig.  2-F ), but became round in shape a few minutes later, except for larger parasites. The larger parasites divided again. After 2 h in the seawater, the parasites started to swim with 2 flagellae, which were oval and 20-22 ¥ Fig. 3 . Division of the parasite in the embryo at each time from the start of the division. (Bar = 50 mm). W1, surface water; W2, bottom water; G1 and G3, gonad (female) of broodstock; G2, gonad (male) of broodstock; F; gonads of bait for broodstock; P, genome extracted from infected eggs; N, negative control) 20 -24 mm in size (Table 1) .
Detection of the parasite from fertilized eggs
No parasite was detected from the fertilized eggs sampled at 0 h post-spawning either by PCR or by light microscopy at 24 h post-spawning. On the other hand, PCR detected the genome of the parasite from 10% and 40%, 50% and 90%, 50% and 80%, and 60% and 90% of eggs the sampled at 1, 2, 4 and 17 h post-spawning, respectively. Light microscopy detected the parasite from 50%, 90%, 95%, and 65% and 95% of eggs transferred into sterilized seawater at 1, 2, 4 h and 17 h postspawning, respectively (Table 2) .
PCR detection of the parasite from rearing water, gonads of broodstock and feed fish
The genome of the parasite was detected from bottom and surface water of the rearing tank, but not from gonads of broodstock or feed fish for the broodstock by PCR (Fig. 4) .
Sequence of 18S rRNA of the parasite
A gene was amplified by PCR using universal primers for eukaryote 18S rRNA, and the product was sequenced (1740 bp; DDBJ database accession number AB264776). From the whole sequence, the 800 bp region was compared with that of the parasite from Sardina pilchardus eggs in the Atlantic Ocean (database accession number DQ340768), showing 98.1% similarity to each other. The sequences of the primer set used for parasitic detection were completely matched with the obtained sequence. With the phylogenetic analysis, the determined sequence was close to the group formed by dinoflagellates (Fig. 5) .
Discussion
There have been several reports on endoparasitic infection of marine fish eggs, and the causative agent of each infection seems to be morphologically the same or similar. Mass mortality of yolk-sac larvae of yellowfin tuna observed in this study was apparently caused by the infection of a protozoan endoparasite, and the morphology and pathogenicity of the parasite was similar to that of the protozoan endoparasite of Atlantic sardine Sardina pilchardus in the Bay of Algiers and the Iberian Sea (Hollande and Cachon, 1952; Stratoudakis et al., 2000) and of leopard coral grouper Plectropomus leopardus in Ishigaki Island, Japan (Mori et al., 2007) . Morphological characteristics of the parasite from Atlantic sardine, including the initial number of infected parasite (1-3 in number), the maximum size of the parasite (about 100 mm in major axis) and numerous number of the parasite at 24 h post-spawning in the embryo as well as the existence of swimming stage (round shaped with 2 flagellae, 15 -20 mm in diameter), were identical to those of the parasite in this study. According to the analysis of the 18S rRNA of the parasite from yellowfin tuna, the parasite is closer to the group of dinoflagellates rather than to the members of genus Perkinsus. These results suggest that the parasite from yellowfin tuna is identified as Ichthyodinium chabelardi or its closely related species. On the other hand, Gestal et al. (2006) conducted a phenotypic scrutiny on the life cycle of the parasite based on ultrastructural techniques and molecular phylogenetic analysis of rRNA gene sequences, and proposed to change the generic name of the endoparasite in the sardine embryo, which was originally named Ichthyodinium chabelardi, to Perkinsoide chabelardi. They mentioned about a high morphological similarity of the parasite from Atlantic sardine to the members of the genus Perkinsus according to electron microscopy. However, the life cycle of the parasite described by Gestal et al. (2006) is different from that of the genus Perkinsus described by Perkins (1996) in their pattern of cell division and absence of the discharge tube of zoospores in the present parasite. To confirm taxonomical position of this species, comparative study on morphology and life cycle among this parasite and each parasite in the group of dinoflagellates and perkinsids is essential.
Regarding the transmission of the parasite to the embryo, Pedersen and Køie (1994) suggested the transmission via the fish gametes as fertilized eggs obtained from broodstock in sterilized seawater were infected by the parasite in their experiment, but they did not mention about the infection route of the parasite to the fish gametes. In this study, however, the prevention of the infection by transferring fertilized eggs to sterilized seawater, the existence of detectable parasites by PCR in the rearing water and no detection of the parasite from broodstock gonads suggest that the parasite infects the egg through the rearing water after spawning. The pattern of occurrence of the disease also supports the possibility of horizontal infection: once the infection occurred, it continued as long as spawned eggs were present, suggesting no close relationship between the spawning by broodstock individuals and the occurrence of infection. Unfortunately, the mode of parasite penetration into the eggs has not been observed yet, but a few interesting results were obtained in this study: affected eggs included maximally 3 parasites, most eggs might be infected with the parasite by 2 h post-spawning, and the infected eggs had no sign of penetration on its surface. These results possibly suggest that the parasite may pass through the hole for sperm penetration before the hole is completely closed.
Light microscopy in this study revealed a time dependent development of the parasite in the eggs. Our initial detection of the parasite under light microscopy was at 8 h post-spawning (6 -8 h post-infection) when the parasite grew to 13-15 mm in diameter. As the PCR could detect the genome of the parasite from a fertilized egg sampled at 1 to 2 h post-spawning (0-2 h post-infection), the failure of the detection by light microscopy was presumptively due to the small size of the parasite. Parasites, 20 -24 mm in size, started to swim with two flagellae at 2 h after leaving the host, but this may not be an infectious stage because of the larger size than the one at the initial infection. Regarding the life cycle of the parasite after leaving the host, Gestal et al. (2006) detected zoosporangium which produced numerous zoospores, 2 to 2.5 mm in size (measured by EM), after 3 days in seawater. Gestal et al. (2006) mentioned the impossibility of a transmission of zoospores to healthy sardine eggs. However, we still suspect the zoospores described by them to be the infectious stage to fish. Further trials to prove the transmission of the zoospore should be conducted with newly spawned healthy fertilized eggs, as it appears that most eggs were infected with the parasite by 2 h post-spawning (Table 2) .
PCR could detect the genome of the parasite from an infected egg at its earliest infectious stage when light microscopy could not, showing that PCR is more sensitive for detection of the parasite. Additionally it is easy to keep samples in a fixation with ethanol for PCR examination. These superior characteristics of PCR indicate that PCR should be used for field surveys to investigate species susceptible to the parasite or areas of parasite distribution in the wild.
Some references on the infection of this parasite in the past mentioned its possible effect on pre-recruitment losses of Atlantic sardine (Stratoudakis et al., 2000; Gestal et al., 2006) . The annual catch of Japanese sardine Sardinops melanostictus in Japan has rapidly dropped since 1989, and various theories on the cause of this phenomenon have been proposed (Kasai et al., 1997) , which did not include the effect of the parasitic infection. The sequence of 18S rRNA of the endoparasite detected from leopard coral grouper (Mori et al., 2007) and bluefin tuna Thunnus thunnus (Dr. K. Ishimaru, Kinki University, personal communication) were consistent with that of the parasite in this study, suggesting that the identical endoparasite inhabits the seas or marine fish species worldwide. In a future study, investigation on the occurrence of the infection in Japanese sardine as well as in other fish species by PCR is required to understand the distribution of the parasites.
The present results suggest that the parasite is present in seawater and transmits horizontally. It is concluded that transfer of the spawned eggs into parasite-free hatching jar immediately after egg spawning is an effective and practical control measure to prevent the infection by the parasite during the seed production.
